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FOREWORD 

T h i s  r e p o r t  i s  t h e  f i n a l  r e p o r t  under  NASA Grant 

NGR 33-010-024, ' 'Radar  S t u d i e s  o f  t h e  Lunar Sur face ,  

Emphasizing F a c t o r s  Rela ted  t o  t h e  S e l e c t i o n  of Landing 

S i t e s . "  

of 40  Mhz ( A  = 7.5 m )  and 430 Mhz ( A  = 70 mi) a t  t h e  

Arecibo Ionosphe r i c  Observatory ( A I O ) .  

th rough I11 d e s c r i b e  t h e  mapping of radar r e f l e c t i v i t y  

a t  t h e  wavelength of  70 em. Appendix A d e s c r i b e s  t h e  

r a d a x  system f o r  mapping l u n a r  echoes,  and Appendix B 

p r e s e n t s  t h e  data. 

behav io r  of  t h e  moon a t  t h e  wavelength of 7 .5  m i s  

d e s c r i b e d  i n  Appendix C.  

The measurements were c a r r i e d  ou t  a t  f r e q u e n c i e s  

* 
S e c t i o n s  I 

The measurement o f  t h e  mean s c a t t e r i n g  

A j o i n t  r e p o r t  w i t h  Lincoln Labora tory ,  t o  be 

p u b l i s h e d  under  s e p a r a t e  cover ,  w i l l  compare t h e  r e s u l t s  

of  t h i s  p r o j e c t  w i t h  t h e  l u n a r  radar s t u d i e s  c a r r i e d  o u t  

by L inco ln  Labora to ry  under NASA Con t rac t  NSR- 22-009-106. 

* 
The Arecibo Ionosphe r i c  Observa tory  i s  ope ra t ed  by Corne l1  

U n i v e r s i t y  w i t h  t h e  suppor t  of t h e  Advanced Research P r o j e c t s  
Agency under  a r e s e a r c h  c o n t r a c t  w i t h  t h e  A i r  Force O f f i c e  of 
S c i e n t i f i c  Research.  

i i i  



ABSTRACT 

The radar reflectivity of one-third of the visible lunar 

surface was mapped at a wavelength of 70 cm using the delay- 

Doppler technique. The resolution of the radar echo in 

either time delay or frequency was equivalent to localizing 

the deflecting areas to strips with widths of 5-10 km. 

The depolarization of the echo was Studied by transmitting 

a circularly polarized wave and simultaneously receiving 

opposite circular polarizations. 

It was possible to infer differences in roughness of 

the lunar surface on a meter scale from the depolarization 

of the radar echo. Both rayed and young craters were found 

to be rough. 'Several craters had only rough rims, which may 

br, the result of an aglng process that selectively smooths 

the floor of a crater. The mountains were found to be 

rougher than the adjacent maria. Differences in roughness 

within a mare were observed, and in one case, the difference 

could not be correlated with optical features. 

The scattering behavior of the moon, power as a function 

of delay, was measured at a wavelength of 7.5 m. 

Appendix I'. j ' ! 'h\.s agreed with previous measurements at a 

wavelength of 6 m. 

(See 



I. INTRODUCTION 

. 

The major p o r t i o n  of t h i s  s t u d y  was a mapping of t h e  

radar r e f l e c t i v i t y  of n e a r l y  o n e - t h i r d  of t h e  v i s i b l e  s u r f a c e  

of t h e  moon by t h e  delay-Doppler t echn ique .  This  t e c h n i q u e  

was proposed by Green’ as a method f o r  measuring a radar 

echo from a l o c a l i z e d  area of t h e  l u n a r  (-or p l a n e t a r y )  

s u r f a c e ,  and was s u c c e s s f u l l y  a p p l i e d  t o  l u n a r  radar echoes 

by P e t t e n g i l l ?  P e t t e n g i l l  and Henry3 d i scove red  s t r o n g  

r e f l e c t i o n s  a s s o c i a t e d  w i t h  t he  rayed c r a t e r  Tycho. I n  1964 

a t  t h e  AI0,Thompson and Dyce4j5 r e so lved  t h e  ambigui ty  i n h e r e n t  

i n  delay-Doppler  mapping i n  a s i n g l e  o b s e r v a t i o n ,  and 

s e v e r a l  s e l e c t e d  r e g i o n s  were mapped. These o b s e r v a t i o n s  a t  

t h e  A I 0  were r e f i n e d  and became t h e  basis of t h e  p r e s e n t  

s t u d y .  

The r e s u l t s  of t h e s e  ear l ier  mappings can be summarized 

as f o l l o w s :  

1. The rayed c r a t e r s  had s t r o n g e r  b a c k s c a t t e r i n g  t h a n  

t h e i  r env i rons  . 
2. The young, nonrayed c r a t e r s  a l s o  had s t r o n g e r  echoes 

t h a n  t h e i r  env i rons ,  w i t h  some d i f f e r e n c e s  i n  b a c k s c a t t e r i n g  

b e i n g  as g r e a t  as t h o s e  observed f o r  t h e  rayed c r a t e r s .  

3. The o l d e r  c r a t e r s  showed no d i f f e r e n c e  i n  b a c k s c a t t e r i n g .  

4 .  A d e p o l a r i z a t i o n  o f  t h e  r e t u r n  w a s  found f o r  t h e  few 

c r a t e r s  which had s c a t t e r i n g  enhancements t h a t  were observed 

i n  o p p o s i t e  p o l a r i z a t i o n s .  

1 



5. The b a c k s c a t t e r i n g  from t h e  h igh lands  was cons i s t en t l : , /  

s t ronc 'cr  t h a n  tha t ,  (;I' Lhe  mnria ,  t h e  d i f f e r e n c e s  }l:ivirly 

1,w o- t 0- on e rat  i 0.  

Whdt do t h e s e  d i f f e r e n c e s  i n  t h e  radar backsca tLera inc  

imply about  t h e  c h a r a c t e r i s t i c s  i n  t h e  l u n a r  surxace '?  

Inc reased  roughness  ( i . e . ,  i r r e g u l a r i t i e s  w i t h  dimensions 

CJP t h e  r a d a r  wavelength)  and s l o p e s  t i l t e d  toward t h e  radar 

a p p e a r  t o  be r e s p o n s i b l e  f o r  t h e  observed d i f f e r e n c e s  i n  

b a c k s c a t t e r i n g .  

o p t i c a l l y .  

meter  s c a l e  h a s  been o b s e r v a b l e  o n l y  f o r  areas n e a r  the 

Surveyor  s p a c e c r a f t s  o r  t h e  a r e a s  photographed w i t h  t h e  

h i g h e s t  r e s o l u t i o n  by t h e  O r b i t e r  s p a c e c r a f t s ;  t h e r e f o r e  

t h e  d e t e c t i o n  of rough areas by radar mapping i s  a n  e x t r e m e l y  

v a l u a b l e  a d j u n c t  t o  t h e  Surveyor  and O r b i t e r  f i n d i n g s .  

radar mappings a t  meter wavelengths  w i l l  d e t e c t  t h e  meter- 

s i z e d  i r r e g u l a r i t i e s ,  

s p a c e c r a f t  and w i l l  b e  dangerous t o  l u n a r  v e h i c l e s  and 

The s l o p e s  can be s t u d i e d  i n  g r e a t  d e t a i l  

However, t h e  roughness  o f  t h e  l u n a r  s u r f a c e  on a 

The 

tliat w i l l  h i n d e r  t h e  safe  l a n d i n g  of 

a s t r o n a u t s .  

The major problem i n  t h e  i n t e r p r e t a t i o n  o f  t h e  radar 

r e s u l t s  i s  d i s t i n g u i s h i n g  between b a c k s c a t t e r i n g  enhancements 

r e s u l t i n g  from rough areas and enhancements r e s u l t i n g  from 

t i l t i n g .  F o r t u n a t e l y ,  t h e s e  mechanisms have  d i f f e r e n t  

r e f l e c t i o n  c h a r a c t e r i s t i c s  when o b s e r v e d  i n  o p p o s i t e  

ri 
L 

p o l a r i z a t i o n s .  

The o b s e r v a t i o n s  of t h i s  r e p o r t ,  as w e l l  as most o t h e r  

radar s t ,ud ies  of t h e  moon a t  me te r  wave leng ths ,  were made by 
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t r a n s m i t t i n g  and r e c e i v i n g  c i r c u l a r  p o l a r i z a t i o n s ,  so  t h a t  

t h e r e  was no f a d i n g  from Faraday r o t a t i o n  i n  t h e  e a r t h ' s  

ionosphere .  The p o l a r i z e d  echo r e p r e s e n t s  t h e  power i n  

c i r c u l a r  p o l a r i z a t i o n  o p p o s i t e  t o  t h a t  t r a n s m i t t e d .  Th i s  

i s  t h e  p o l a r i z a t i o n  expected f o r  a r e f l e c t i o n  from a p l a n e ,  

d i e l e c t r i c  ( o r  conduct ing)  i n t e r f a c e  p l a c e d  p e r p e n d i c u l a r  

t o  t h e  radar 's  l i n e  o f  s i g h t .  The d e p o l a r i z e d  echo 

r e p r e s e n t s  t h e  power i n  t h e  c i r c u l a r  p o l a r i z a t i o n  t h a t  i s  

t h e  same as  t h e  t r a n s m i t t e d  p o l a r i z a t i o n .  This  p o l a r i z a t i o n  

i s  o p p o s i t e  t o  t h a t  o f  t h e  p o l a r i z e d  echo. Transmiss ion  i n  

one c i r c u l a r  p o l a r i z a t i o n  w i t h  r e c e p t i o n  o f  t h e  o p p o s i t e  

c i r c u l a r  p o l a r i z a t i o n s  does not g i v e  a l l  p o s s i b l e  combinat ions 
~ 

of  d e p o l a r i z a t i o n  ( i t  y i e l d s  only  two of  t h e  f i v e  nonzero 

terms o f  t h e  Muel le r  mat r ix  ) ,  b u t  i t  i s  s u f f i c i e n t  t o  show 

a d e p o l a r i z a t i o n  o f  t h e  echo by rough areas. 

6 

R a d a r  b a c k s c a t t e r i n g  has shown t h a t  t h e  l u n a r  s u r f a c e  

i s  smooth and undu la t ing ,  bu t  i n t e r l a c e d  w i t h  rough s u r f a c e s  

t h a t  make up a s m a l l  percentage  o f  t h e  s u r f a c e .  The smooth 

s u r f a c e  b a c k s c a t t e r s  o n l y  where i t  has  f a c e t s  p e r p e n d i c u l a r  

t o  t h e  radar ' s  l i n e  o f  s i g h t .  The rough s c a t t e r e r s  a r e  

i r r e g u l a r i t i e s  w i t h  l i n e a r  dimensions on t h e  o r d e r  o f  t h e  

radar wavelength.  These smooth and rough areas of  t h e  l u n a r  

s u r f a c e  have d i f f e r e n t  r e f l e c t i n g  c h a r a c t e r i s t i c s ,  as shown 

i n  F i g u r e  1. The quas i - specu la r  component ( t h e  echo from t h e  

smooth a r e a s )  i s  e n t i r e l y  i n  t h e  p o l a r i z e d  echo, and has a 

s h a r p  d e c r e a s e  i n  power w i t h  i n c r e a s i n g  a n g l e  of  i nc idence .  
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5 
The d i f f u s e  component ( t h e  echo from t h e  rough s c a t t e r e r s )  has  

comparable power i n  t h e  p o l a r i z e d  and d e p o l a r i z e d  echo, and 

a g r a d u a l  dec rease  i n  power with i n c r e a s i n g  a n g l e  of inc idence .  

The mean s c a t t e r i n g  behavior  of  t h e  moon i s  t h e  sum of t h e s e  

two components. 

With i n c r e a s i n g  roughness,  t h e  radar echo shows a 

dec rease  i n  t h e  quas i - specu la r  component and an i n c r e a s e  i n  

t h e  d i f f u s e  component. Except f o r  areas v e r y  n e a r  t h e  

sub rada r  p o i n t ,  t h i s  r e s u l t s  i n  an enhancement i n  t h e  p o l a r i z e d  

echo and a n  even l a r g e r  enhancement i n  t h e  depo la r i zed  echo. 

Near t he  subrada r  p o i n t ,  a rough a r e a  shows a d e c r e a s e  i n  t h e  

p o l a r i z e d  echo and an i n c r e a s e  i n  t h e  d e p o l a r i z e d  echo. 

Any a r e a ,  rough o r  smooth ,  w i l l  e x h i b i t  an enhanced echo 

when t i l t e d  toward t h e  radar,  as a l l  n a t u r a l  s u r f a c e s  have 

b a c k s c a t t e r i n g  such t ha t  t h e  r e f l e c t e d  power dec reases  w i t h  

i n c r e a s i n g  a n g l e  of  i nc idence .  Unless an  a r e a  i s  e n t i r e l y  

rough, t h e  enhancement i n  t h e  p o l a r i z e d  echo w i l l  be  g r e a t e r  

t h a n  t h e  enhancement i n  t h e  depo la r i zed  echo, because  of t h e  

s t r o n g e r  dependence of  t h e  p o l a r i z e d  echo upon t h e  a n g l e  of 

i n c i d e n c e .  

Equal  s c a t t e r i n g  enhancements i n  t h e  p o l a r i z e d  and 

d e p o l a r i z e d  echoes might be expected for an  a r e a  t h a t  has a 

h i g h e r  a lbedo  and a roughness e q u a l  t o  i t s  environs; however, 

none of tine radar d a t a  sugges ts  ih i s  diYfei-ence i n  sui-face 

p r o p e r t i e s .  



6 
Thus, t h e  rough a r e a s  can  be d i s t i n g u i s h e d  from t h e  

s l o p e s  by t h e i r  enhancements. The rough a r e a s  g i v e  g r e a t e r  

enhancements i n  t h e  d e p o l a r i z e d  echo ( a  d e p o l a r i z a t i o n  of  

t h e  b a c k s c a t t e r e d  power);  t h e  s l o p e s  g i v e  g r e a t e r  enhancements 

i n  t h e  p o l a r i z e d  r e t u r n  ( a  s p e c u l a r  h i g h l i g h t ) .  These 

r e f l e c t i o n s  a r e  c o n t r o l l e d  by t h e  e l e c t r i c a l  p r o p e r t i e s  of 

t h e  s u r f a c e  t o  a depth  of a few wavelengths;  t h e r e f o r e  

comparison of radar mappings a t  d i f f e r e n t  wavelengths should  

y i e l d  in fo rma t ion  on subsu r face  c o n d i t i o n s .  

. 



11. DELAY-DOPPLER MAPPING 

Roughness was s t u d i e d  f o r  s m a l l  a r e a s  of t h e  l u n a r  

s u r f a c e  by s imul t aneous ly  r e s o l v i n g  t h e  radar echo i n  t i m e  

d e l a y  and frequency.  

shown i n  F i g u r e  2. The annulus D i s  t h e  a r e a  t h a t  r e f l e c t s  

power a t  a p a r t i c u l a r  de l ay ;  t h e  semiannulus F i s  t h e  area 

t h a t  r e f l e c t s  power a t  a p a r t i c u l a r  f requency.  The two 

a r e a s  P and PI, which a r e  common t o  bo th  a n n u l i ,  r e f l e c t  

power a t  t h e  same d e l a y  and frequency. These a r e a s  were 

c a r e f u l l y  chosen t o  have an  angu la r  s e p a r a t i o n  such t h a t  

o n l y  area P was i l l u m i n a t e d  by t h e  mean beam of  t h e  antenna.  

The power a t  t h a t  de l ay  and frequency was t h e r e f o r e  p o s i t i v e l y  

a s s o c i a t e d  w i t h  P. Th i s  was p o s s i b l e  a t  t h e  AI0 because t h e  

an tenna  beam (at 430 Mhz) was lo!, or approximate ly  o n e - t h i r d  

of t h e  a n g u l a r  w i d t h  of t h e  moon. 

The geometry of r e f l e c t i n g  a r e a s  i s  

An appa ren t  r o t a t i o n  i s  imparted t o  t h e  moon by b o t h  

t h e  o r b i t a l  motion of  t h e  moon and t h e  motion of t h e  radar 

abou t  t h e  c e n t e r  of t h e  e a r t h .  T h i s  appa ren t  r o t a t i o n  i s  

i n d i c a t e d  i n  F i g u r e  2 by a n  apparent  a x i s  of r o t a t i o n  and 

a n  a p p a r e n t  equa to r .  The r e f l e c t i n g  a r e a s  P and PI a r e  

e q u i d i s t a n t  from t h e  appa ren t  equa to r .  The a r e a  n e a r  t h e  

l u n a r  e q u a t o r  was observed only when t h e  appa ren t  and a c t u a l  

a x e s  of r o t a t i o n  were sepa ra t ed  by a l a r g e  ang le .  

7 
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9 
T h e  l u n a r  c o o r d i n a t e s  of  P were found by t r a n s f o r m a t i o n s  

bctween the C a r t e s i a n  c o o r d i n a t e  systems,  xd ,  y d J  z d J  and 4 ,  

11, ( shown i n  F i g u r e  2. The x d J  y d J  zd  c o o r d i n a t e  system 

was radar based. The yd a x i s  was a long  t h e  appa ren t  a x i s  of  

r o t a t i o n ,  and zd  a x i s  was along t h e  radar l i n e  of s i g h t ;  

t h s ,  z was l i n e a r l y  r e l a t e d  t o  d e l a y ,  and x, was l i n e a r l y  

r e l a t e d  t o  f requency.  

formed a second C a r t e s i a n  coord ina te  system, where t h e  l u n a r  

e q u a t o r  was i n  t h e  4 - ( p l a n e ,  and t h e  a c t u a l  a x i s  of 

d U 

The l u n a r  c o o r d i n a t e s  , 4 ,  V, ( , 

r o t a t i o n  was t h e  ?- a x i s .  B o t h  c o o r d i n a t e  systems were 

s e l e n o c e n t r i c  a n d  had t h e  l una r  r a d i u s  as a u n i t  l eng th .  

Thus, a t r a n s f o r m a t i o n  between them involved  on ly  r o t a t i o n s ,  

as d e s c r i b e d  i n  Appendix A. 

I n  o r d e r  t o  c o n s t r u c t  a map, t h i s  t r a n s f o r m a t i o n  w a s  

performed f o r  many consecu t ive  d e l a y s  and f r e q u e n c i e s .  

However, t h e  samples of t h e  r ada r  echo inc luded  some 

expe r imen ta l  biases,  such as t h e  p o s i t i o n  of t h e  r e f l e c t i n g  

a r e a  i n  t h e  an tenna  beam, background n o i s e ,  and t h e  s i z e  of 

t h e  r e f l e c t i n g  area. A l s o ,  t h e  s c a t t e r i n g  behavior  of t h e  

moon gave a l a r g e  v a r i a t i o n  i n  echo power w i t h  t h e  de lay .  To 

h e l p  i n  t h e  i d e n t i f i c a t i o n  of s u b t l e  d i f f e r e n c e s  i n  t h e  

r e f l e c t i n g  p r o p e r t i e s  of t h e  l u n a r  s u r f a c e ,  t h e s e  p r e d i c t a b l e  

v a r i a t i o n s  were removed b y  normal iz ing  t h e  radar r e t u r n ,  which 

c o n s i s t e d  o r  t a ' ~ L n g  the y & l o  hn+r.innn uL u y l b b I I  t h e  ohserved power 

( a f t e r  s u b t r a c t i o n  of n o i s e )  and t h e  expected power from 

homogeneous s c a t t e r i n g '  ( s e e  Appendix A ) .  
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Genera l ly ,  t h e  r e f l e c t i n g  a r e a s  were n o t  r e c t a n g u l a r ,  

t h e r e f o r e  a measure of t h e  s i z e  of  t h e  r e f l e c t i n g  a r e a  was 

taken  t o  b e  t h e  wid ths  of t h e  d e l a y  and f requency  a n n u l i  

as mexsured a l o n g  t h e  l u n a r  s u r f a c e .  The width of t h e  de l ay  

annulus  when p r o j e c t e d  on to  t h e  radar l i n e  of s i g h t  w a s  

c ~ / 2 ,  where c i s  t h e  v e l o c i t y  of l i g h t ,  and T i s  t h e  

t r a n s m i t t e r  p u l s e  l e n g t h .  The width of t h e  f requency  annulus  

when viewed from t h e  e a r t h  was bAf/Fcj, where b i s  t h e  l u n a r  

r a d i u s ,  Af i s  t h e  f i l t e r  bandwidth, and Fc j  i s  t h e  d i f f e r e n c e  

i n  f requency between t h e  l e a d i n g  edge and t h e  l i m b .  These 

wid ths  inc reased  when measured a long  t h e  l u n a r  s u r f a c e .  The 

f requency  bandwidth was 0.02 hz ,  s o  t h a t  up t o  70 s p e c t r a  

were ob ta ined  i n  an  o b s e r v a t i o n  of 40  min. Th i s  r e s u l t e d  i n  

a frequency r e s o l u t i o n  of 5-10 km, as shown i n  F igu re  3b. 

Equiva len t  range  r e s o l u t i o n s  of 3 - 7 km could  be ob ta ined  

by t h e  use of a t r a n s m i t t e r  p u l s e  l e n g t h  of  20 ps, as shown 

i n  F i g u r e  3a. 

R a d a r  echoes were mapped i f  t h e y  had r e f l e c t i n g  a r e a s  

i n  l , h e  main beam of  t h e  an tenna ,  and c o n j u g a t e  r e f l e c t i n g  

a r e w  i n  t h e  an tenna  s i d e  lobes .  

f requency  samples were p e r m i t t e d  by t h e  d a t a - s t o r a g e  c a p a b i l i t y  

Only 100 d e l a y  and 140  

of l ,he computer programs for d a t a  t a k i n g  and a n a l y s i s .  I n  

some: c a s e s ,  t h e  range  r e s o l u t i o n  was s l i g h t l y  degraded t o  

enslire t h a t  an  area o f  i n t e r e s t  was w i t h i n  coverage  of  t h e  

number of d e l a y  samples p e r m i t t e d .  

. 
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The o b j e c t i v e  of t h i s  program was t o  map t h e  a r e a s  shown 

i n  S e r i e s  1 and 2 of t h e  LAC  chart^.^ These c h a r t s  show t h e  

area near  t h e  l u n a r  equa to r ,  where t h e  f i r s t  a s t r o n a u t s  a r e  

t o  land .  Beyond t h e  e q u a t o r i a l  r e g i o n s ,  t h e  radar mapping 

was of a r e a s  shown on t h e  c h a r t s  LAC 24 ,  LAC 25, and t h e  

maps B3a Taurus,  C2a Caucasus, C7a Maurolycus, D2a P l a t o ,  

and D7a Tycho of t h e  Orthographic  Lunar A t l a s .  The a r e a  

of c h a r t  LAC 76 was n o t  s u c c e s s f u l l y  observed under f a v o r a b l e  

l i b r a t i o n  c o n d i t i o n s .  The t o t a l  mapped a r e a  cove r s  o n e - t h i r d  

of t h e  v i s i b l e  l u n a r  s u r f a c e .  (See F igu re  4 . )  

8 

Four a r e a s  were mapped w i t h  a twofold improvement i n  

t h e  de lay  and f requency  r e s o l u t i o n s .  These areas were c e n t e r e d  

on t h e  rayed c r a t e r s  Tycho and Copernicus,  and t h e  Lunar 

O r b i t e r  S i t e s  11-P-2 and 114-6. 
* ** 

R a t i o  maps were gene ra t ed  t o  d i s t i n g u i s h  between 

b a c k s c a t t e r i n g  d i f f e r e n c e s  caused by rough s u r f a c e s  and 

s l o p e s .  

echo t o  the  normalized p o l a r i z e d  echo. 

t h e s e  maps ( t he  b r i g h t  a r e a s  i n  t h e  i n t e n s i t y - m o d u l a t e d  p l o t s )  

showed a d e p o l a r i z a t i o n  of t h e  echo, a n  i n d i c a t i o n  of a rougher  

s u r f a c e ;  lower r e t u r n s  show t h e  s p e c u l a r  h i g h l i g h t s ,  an  

These show t h e  r a t i o  of t h e  normalized d e p o l a r i z e d  

Higher  v a l u e s  i n  

i n d i c a t i o n  of s l o p e s .  

. 



-E 

I 
S 

FIGURE 4. Area of the Moon Mapped with the 430 Mhz Ra ar 
at the A I O .  (Background Map is USAF Reference Mosaic.?) 
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The 10,000 v a l u e s  o f  normalized r e f l e c t i v i t y  f o r  each 

map a r e  p re sen ted  i n  two ways. 

s c a t t e r i n g  d i f f e r e n c e s  a r e  b e s t  shown i n  i s o m e t r i c  p l o t s ;  

whereas t h e  p o s i t i o n s  of  s c a t t e r i n g  d i f f e r e n c e s  a r e  i n d i c a t e d  

i n  t h e  in t ens i ty -modu la t ion  p l o t s ,  where t h e  b r i g h t n e s s  i s  

p r o p o r t i o n a l  t o  t h e  normalized radar r e f l e c t i v i t y .  

d i sp lacements  a l o n g  t h e  a b s c i s s a  and t h e  o r d i n a t e  a r e  

p r o p o r t i o n a l  t o  l u n a r  c o o r d i n a t e s .  

t h e  data  s e c t i o n  (Appendix B ) .  

The magnitudes of t h e  back- 

The 

A l l  maps a r e  p r e s e n t e d  i n  
* 

A few d i f f e r e n c e s  i n  r e f l e c t e d  power appeared t o  be 

a s s o c i a t e d  w i t h  o b s e r v a t i o n a l  e r r o r s .  

i n  power a c r o s s  t h e  radar map o f  L A C  75 Let ronne  ( P l a t e  XV) 

The uni form d i f f e r e n c e  

p robab ly  r e s u l t e d  from an  e r r o r  i n  an tenna  t r a c k i n g .  

of t h e  echo a long  c o n t o u r s  o f  c o n s t a n t  d e l a y  a p p e a r s  i n  t h e  

r a d d r  maps of LAC 4 2  Mare S e r e n i t a t i s  ( P l a t e  V I )  and LAC 93 
Mar.e Humorum ( P l a t e  X X ) .  

i n c o r r e c t  compensation f o r  changes i n  t h e  Doppler f requency .  

Two a r e a s  showed a d e p o l a r i z e d  enhancement b u t  no p o l a r i z e d  

enhancements, p robab ly  caused by  a l eakage  o f  a h igh  p o l a r i z e d  

r e t u r n  from t h e  c o n j u g a t e  r e f l e c t i n g  areas i n t o  t h e  d e p o l a r i z e d  

r e t u r n .  

sec’n i n  t ,he radar map o f  L A C  4 0  Timochar i s  ( P l a t e  I V ) .  

h igh  r e t u r n s  appear  i n  t h e  radar map of LAC 94 P i t a t u s  ( P l a t e  

XXI). Nearly i d e n t i c a l  r e s u l t s  were o b t a i n e d  f o r  independent  

o b s e r v a t i o n s  of‘ t h r e e  areas ,  as shown i n  t h e  p l a t e s  X X X I I  

th rough XXXIV of t h e  d a t a  s e c t i o n  (Appendix B ) .  

A smearing 

T h i s  p robab ly  r e s u l t e d  from an 

The c r a t e r  Tycho cou ld  have caused t h e  h i g h  r e t u r n s  

S i m i l a r  

++ 
A compi la t ion  of t h e  radar maps f o r  t h e  LAC c h a r t s  as  p r o j e c t e d  
o n t o  t h e  6-7 c o o r d i n a t e s  i s  shown i n  t h e  f r o n t i s p i e c e .  

~~ 



111. DISCUSSION OF THE MAPPING RESULTS 

The optimum t e r r a i n  f o r  s p a c e c r a f t  landin[;  s i t e s  i s  a 

smooth area. 

8 s  a n  area. o f  low r c t u y n s ;  howcv('r-, n o  area o f  v e r y  low 

returns was found, li'rom t h e  u b i q u i t y  of t h e  d e p o l a r i z e d  

r c t u r n ,  one can i n f e r  t h a t  t h e  roughness  t h a t  g i v e s  t h e  

c i i f ruse  component o f  radar s c a t t e r i n g  i s  common t o  a l l  

areas of t h e  moon. 

I n  t h e  radar maps such  an a r e a  would appea r  

Enhancements i n  b a c k s c a t t e r i n g  appeared  t o  be a s s o c i a t e d  

wi th :  

1. Craters  

2. I s o l a t e d  mountain peaks and r i d g e s  i n  t h e  maria 

3. Highland -marc d i  T f e r  enc es 

4 .  I n t r a m a r e  d i f f e r e n c e s .  

1. C r a t e r s  

The b r i g h t e s t  f e a t u r e s  i n  t h e  r a d a r  maps a re  t h e  l a r g e  

rayed  c r a t e r s  l i s t e d  i n  Tab le  1. Each o f  t h e s e  was i d e n t i f i e d  

as a v e r y  rough area, s i n c e  i t  showed a l a r g e  enhancement i n  

t h e  d e p o l a r i z e d  r e t u r n  and a somewhat weaker enhancement i n  

t h e  p o l a r i z e d  r e t u r n .  These enhancements were conf ined  t o  

t h e  c r a t e r  and i t s  r i m .  D i f f e r e n c e s  i n  b a c k s c a t t e r i n g  

a s s o c i a t e d  w i t h  t h e  r a y s  were n o t  a p p a r e n t  except ,  p o s s i b l y ,  

f o r  t h e  c r a t e r  Tycho. 
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TABLE 1 

Rayed C r a t e r s  Resolved by t h e  R a d a r  

C r a t e r  

A r i s t a r c h u s  

A r  i s t i l l u s  

B u l l i a l d u s  

Copernicus 

Kepler  

Langrenl 

Theophi lus  

Tycho 

P l a t e  Map . 

P l a t e  I11 

P l a t e  I1 
P l a t e  X X V I  

P l a t e  X X I  

P l a t e  I X  
P l a t e  XXX 

P l a t e  V I 1 1  

P l a t e  X I X  

P l a t e  X V I I  
P l a t e  X X I X  

P l a t e  X X V I I  
P l a t e  X X X I  

LAC 39 A r i s t a r c h u s  

LAC 25 C a s s i n i  
D2a P l a t o  

LAC 94 P i t a t u s  

LAC 58 Copernicus 
Crater Copernicus 

LAC 5'7 Kep le r  

LAC 80 Langrenus 

LAC 78 Theophi lus  
Lunar Orb i t e r I I - P - 6 

D7a Tycho 
Crater Tycho 



Several nonrayed craters were observed to be rough areas, 

though smaller enhancements were observed for these craters 

in comparison to the rayed craters. Specular enhancements 

were often observed, where inner rims of the crater were 

tilted toward the radar. The outer rims of the craters 

showed smaller specular enhancements, an expected result, 

since the inner rims are steeper than the outer rims. 

Many craters showed backscattering enhancements, but 

were not resolved. 

enhancements in the opposite polarizations, which probably 

resulted from the specular enhancements of the crater rims 

equaling the enhancements resulting from greater roughness. 

None of the craters that were resolved showed equal 

enhancements in the opposite polarizations, an indication 

of a higher albedo. Many craters did not show enhancements, 

as expected from previous studies. 'j5 Several older craters 

had enhancements at their rims while their floors had 

moderate or no enhancements. These are listed in Table 2. 

Several of these showed nearly equal 

The roughness and age of the crater appear to be correlated. 

The rayed craters, the youngest, were the roughest. The young, 

nonrayed craters were also rough. Somewhat older craters 

had rough rims, but smooth floors. The oldest had smooth 

rims and floors, and showed only specular highlights where 

their rims were favorably tilted toward the radar. 
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TABLE 2 

Craters with Rough Rims and Smooth Floors  

Crater 

Archimedes 

Pitatus 

Plato 

Posi donius 

Taruntius 

Plate Map 

Plate V LAC 41 Montes 
ApenninusJand 

Plate XXVI D2a Plat o 

Plate XXI LAC 94 Pitatus 

Plate XXVI D2a Plato 

Plate XXIII B3a Taurus 

Plate XII LAC 61 Taruntius 

2. Isolated Mountain Peaks and Ridges 

In addition to the craters, several mountain peaks and 

ridges in the maria showed enhanced backscattering. 

appeared to be rough, since they gave a depolarization of 

the echo. Table 3 lists examples of this type of feature. 

These 

, 



TABLE 3 

a 

I s o l a t e d  Mountain Peaks and Ridges 

Showing Enhancements 

F e a t u r e  I P l a t e  Map 

Mountain Peaks 

La Hi re  

P i c 0  

P i c 0  B 

P i t o n  

Ridges  

Flamsteed Ring 

Montes R e c t i  

Montes 
S p i t  z b e r g e n s i s  

Mont,es T e n e r i f f e  

P l a t e  11, 
P l a t e  X X V I I  

P l a t e  11, 
P l a t e  X X V I I  

, P l a t e  11, 
' P l a t e  X X V I I  
I 

I 
I 

P l a t e  XV 

P l a t e  XXVI 

P l a t e  11, 
P l a t e  XXVI 

P l a t e  11, 
P l a t e  XXVI 

LAC 40 

LAC 25 
D2a 

LAC 25 
D2a 

LAC 25 
D2a 

LAC 75 

D2a 

LAC 25 
D2a 

LAC 25 
D2a 

Timocharis  

Cass in i  and 
P l a t o  

C a s s i n i  and 
P l a t o  

C a s s i n i  and 
P l a t o  

Let  r onn e 

P l a t  o 

C a s s i n i  and 
P l a t o  

C a s s i n i  and 
P l a t o  

I 
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3. Highland-Mare Differences 

A systematic difference in roughness was observed 

between the mountains and the adjacent maria. Although this 

effect had been observed in previous the 

observations in opposite polarizations showed that this 

difference resulted from the highlands being rougher than 

the adjacent mare regions. Examples of this type of 

difference are given in Table 4. 

4. Intramare Differences 

A surprising result of the radar mapping was the discovery 

of differences in roughness within a mare. The eastern and 

southern "shore" of Mare Serenitatis (see Plate VI) was 

smoother than adJacent areas in the same mare, This shore 

is dark in full-moon photographs. The Montes Harbinger, a 

number of hills near the crater Aristarchus in Oceanus 

Procellarum, were slightly rougher than the surrounding 

mare (see Plate 111). 

The largest difference in scattering from within a mare 

wzs observed in Mare Imbrium, between the craters Aristillus 

and Plato (see Plates 11, XXVI, and XXXII). This was even 

m v e  surprising, since this area is not differentiated when 

viewed optically. 
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Mount ain-Mare Plate Map 

TABLE 4 

Examples of Mountain-M;iu.e Di.fferences 

Montes Alpes on northeastern 
shore of Mare Imbrium 

Montes Jura surrounding 
Sinus Iridum 

Palus Somnii and to 
Mare Tranquillitatis 

Highlands between Mare 
Crisium and Mare 
Fecundi tat is 

Highland surrounding Grimaldi 
on eastern shore of 
Oc eanus Proc ellarum 

Montes Pyrenaei between 
Mare Fecunditatis and 
Mare Nectaris 

Montes Taurus between 
Mare Serenitatis and 
Mare Tranquillitatis 

Montes Caucasus between 
Mare Serenitatis and 
Mare Imbrium 

Montes Pyrenaei and 
Mare Tranquilitatis 

Plate 1 LAC 24 Sinus Iridum 

Plate XI1 LAC 61 Taruntius 

Plate XIII-. LAC 62 Mare Undarum 

Plate XIV LAC 74 Grimaldi 

Plate XVIII LAC 79 Colombo 

Plate XXIII B3a Taurus 

Plate XXIV C2a Caucasus 

Plate XXVI D2a Plat o 

Plate XXVITI Lunar Orbiter 11-P-2 
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Such d i f f e r e n c e s  were n o t  observed i n  h ighland  a r e a s .  

T h i s  may be a s e l e c t i o n  e f f e c t ,  however, s i n c e  two maps 

i n c l u d e  o n l y  h ighland  a r e a s ,  wh i l e  t e n  maps have o n l y  

maria. Furthermore,  a g e n e r a l  t r e n d  may be v e r y  d i f f i c u l t  

t o  d e t e c t  among t h e  s p e c u l a r  h i g h l i g h t s  caused by t h e  

m u l t i t u d e  of  s l o p e s  i n  a h ighland  a r e a .  



IV. SUMMARY AND CONCLUSIONS 

. 
I .  

In conclusion, the mapping of lunar radar echoes at 

70 em showed (1) that differences in roughness existed 

within a mare, (2) that mountains were rougher than the 

adjacent mare regions, and ( 3 )  that several older craters 

had rough rims. The differences in scattering known to 

exist for young and rayed craters were studied with finer 

resolution and appeared to result from increased roughness. 

The ubiquity of the depolarized return indicates that 

roughness on the meter scale is common to all areas of the 

moon. 

The moon was also observed at 7.5 m (see Appendix C 

Only the variation of the power in the for details). 

polarized echo with delay was measured, and was found to 

agree with measurements at 6 m reported by Klemperer. 9 



A P P W I X  A .  D 1 ~ ~ S C H I P T I O N  OF IUDAR SYSTEM 

TOR MAPPING LUNAR lUDAIi ECHOES 

The mapping of l u n a r  radar r e f l e c t i v i t y  a t  t h e  410 was 

:~cconipl ished b;l/ t h e  radar system arid o f f - l i n e  p r o c e s s i n g  

shown i n  F i g u r e  A.l. There were t h r e e  s t e p s  i n  the d a t a  

p r o c e s s i n g ,  

1. Phase-quadrature samples  of t h e  radar echo were t aken  

f o r  many c o n s e c u t i v e  d e l a y s  a t  a s p a c i n g  e q u a l  t o  t h e  

t r a n s m i t t e r  p u l s e  width and f o r  many c o n s e c u t i v e  t r a n s m i t t e r  

pul ses.  

2. The spectrum a t  a p a r t i c u l a r  d e l a y  was o b t a i n e d  from 

a F o u r i e r  a n a l y s i s  of t h e  phase -quadra tu re  samples of s t e p  1. 

A t  t h e  e n d  of t h i s  s t e p ,  t h e  radar echo can be cons ide red  

as a m a t r i x  o f  power w i t h  d e l a y  a l i g n e d  i n  rows a n d  

f r equency  a l i g n e d  i n  columns. 

3. The s c a t t e r i n g  e f f i c i e n c i e s  (normal ized  powers)  f o r  

s e l enograph ic  p o s i t i o n s  were computed from t h e  m a t r i x  of 

observed power o f  s t e p  2. T h i s  w a s  performed i n  two s t e p s ,  

where t h e  normal ized  power was f i r s t  computed and t h e n  

t ransformed i n t o  l u n a r  c o o r d i n a t e s .  

1. Recording t h e  R a d a r  Echo 

The f i r s t  o b j e c t i v e  o f  t h e  radar sys tem was t o  e s t a b l i s h  

t h e  radar echo on a narrow s t r i p  o f  t h e  l u n a r  s u r f a c e  ( t h e  

d e l a y  annulus  of F i g u r e  2, S e c t i o n  11) by  t r a n s m i t t i n g  and 
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FIGURE A . l .  Diagram of the Radar System and Computer 
Processing used in the Mapping of Lunar Radar Reflectivity. 



26 

r e c e i v i n g  s h o r t  pu l se s .  A coherent  system was used,  so t h a t  

subsequent f requency  a n a l y s i s  e s t a b l i s h e d  t h e  r a d a r  echo on 

a second narrow s t r i p  of t h e  l u n a r  s u r f a c e  ( t h e  f requency  

annulus  o f  F igu re  2, S e c t i o n  11). 

The cohe ren t  t r a n s m i s s i o n  and r e c e p t i o n  of s h o r t  p u l s e s  

was provided by t h e  radar system shown i n  F igu re  A.l. 

s h o r t  p u l s e s  were gene ra t ed  a t  t h e  t r a n s m i t t e r  and c a r r i e d  t o  

t h e  l i n e  feed  by a high-power waveguide. A f t e r  t r a n s m i s s i o n  

from t h e  l i n e  f e e d ,  t h e  energy i n  t h e  s h o r t  p u l s e s  was r e -  

f l e c t e d  by t h e  1000 f t .  d iameter  r e f l e c t o r  and c o l l i m a t e d  i n  

a beam of a n g u l a r  width of 10' of a r c .  The d i r e c t i o n  of t h e  

beam i n  space was c o n t r o l l e d  by t h e  p o s i t i o n  of t h e  l i n e  feed  

over  t h e  r e f l e c t o r  a s  d i r e c t e d  by t h e  o u t p u t s  of a small 

d i g i t a l  computer. The i n p u t s  t o  t h i s  computer were t h e  

c o o r d i n a t e s  o f  r i g h t  a s c e n s i o n  and d e c l i n a t i o n  f o r  a l u n a r  

p o s i t i o n  a s  provided by a precomputed ephemeris.  

The 

The r e f l e c t i o n  from t h e  l u n a r  s u r f a c e  was c o l l e c t e d  by 

t h e  r e f l e c t o r  and l i n e  f e e d ,  a m p l i f i e d ,  hetrodyned t o  

30 Mhz, and f ed  t o  t h e  r e c e i v i n g  equipment th rough  a c o a x i a l  

c a b l e .  (This  c o a x i a l  c a b l e  was v e r y  long  because  o f  t h e  long  

d i s t a n c e s  f r o m  t h e  l i n e  f eed  t o  t h e  b u l k  of t h e  r e c e i v i n g  

equipment.)  

two e q u a l p a r t s .  

s i g n a l  and passed  through RC f i l t e r s .  These f i l t e r s ,  which 

had  a t i m e  c o n s t a n t  o f  o n e - t h i r d  t h e  t r a n s m i t t e r  p u l s e  w i d t h ,  

The r e t u r n  s i g n a l  was a m p l i f i e d  and s p l i t  i n t o  

Each p a r t  was he t rodyned w i t h  a 30 Mhz 
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approximated a matched filter. 

was equal to the Doppler frequency created by the motion of 

the lunar surface with respect to the radar. There was a 

spread in frequencies, since different parts of the lunar 

surface had different velocities along the radar line of 

sight. The RC filter outputs represented the real and 

imaginary parts of the echo phasor, since one of the 30 Mhz 

signals was delayed by 90'. 

The frequency of these signals 

The last step in the data recording was to perform a 

complex multiplication of the observed phasor with the 

phasor, e 

specified lunar position, and t is time. This multiplication 

simulated a beating of the signal to zero frequency, so that 

the post-run Fourier analysis could be performed quickly by 

the Cooley-Tukey algorithm. 

frequencies was provided by daily ephemeris tape produced by 

the ephemeris program. 

j2rrfdt 
, where f is the Doppler frequency of a d 

* 
A listing of the Doppler 

The transmission frequency of 430 Mhz and the hetrodyning 

frequencies of 400 Mhz and 30 Mhz had to be accurate to 0.01 hz 

in order to carry out the subsequent Fourier analysis. 

was accompllshed by generating these frequencies from the 

station standard, a local oscillator running at a frequency 

This 

of 1 Mhz with an accuracy of one part in 10. 11 

* 
The coding for this algorithm was provided by Norman Brenner 

of the computing staff of the Haystack radar site of the 
Lincoln Laboratory, M. I.T. 
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2 ,  S p e c t r a l  Ana lys i s  

A f t e r  t h e  samples of t h e  radar echo were s t o r e d  f o r  many 

consecu t ive  t r a n s m i t t e r  p u l s e s ,  t h e  s p e c t r a l  a n a l y s i s  was 

performed. Here, t h e  phaso r s  f o r  a g iven  range  box were 

c o r r e l a t e d  w i t h  u n i t  v e c t o r s  r o t a t i n g  a t  a g iven  s e t  of 

f r equenc ie s .  

of  p u l s e s ,  which i n  r e a l  t ime was e q u a l  t o  t h e  r e c i p r o c a l  of  

t h e  f requency  r e s o l u t i o n .  Thus, t h e  phaso r s  were c o r r e l a t e d  

f o r  50 seconds of  r e a l  t ime (512 p u l s e s )  i n  o r d e r  t o  r e a l i z e  

This c o r r e l a t i o n  was c a r r i e d  o u t  f o r  a number 

a f requency  r e s o l u t i o n  of 1/50 hz. 

were s t o r e d  for  each c o r r e l a t i o n ,  t o  be used subsequen t ly  as 

i n p u t s  t o  t h e  mapping program. 

These s p e c t r a l  o u t p u t s  

The s p e c t r a l  a n a l y s i s  was c a r r i e d  ou t  u s i n g  t h e  Cooley- 

Tukey a lgor i thm,  which f o r  t h i s  a p p l i c a t i o n  was f i v e  t i m e s  

f a s t e r  t h a n  t h e  u s u a l  s p e c t r a l  a n a l y s i s .  

3. Mapping Program 

A f t e r  t h e  s p e c t r a l  a n a l y s i s  was completed,  t h e  t h i r d  and 

f i n a l  s t e p  of t h e  mapping was performed.  

normalized power v e r s u s  l u n a r  p o s i t i o n s  was d e r i v e d  from t h e  

s p e c t r a l  o u t p u t  of power v e r s u s  d e l a y  and f requency .  T h i s  

was accomplished i n  two s t e p s ,  i n  which t h e  echo was f i r s t  

normalized and t h e n  mapped o n t o  l u n a r  c o o r d i n a t e s .  

Here, an  a r r a y  of 

Both t h e  n o r m a l i z a t i o n  and t h e  mapping were f a c i l i t a t e d  

by t h e  r ada r  c o o r d i n a t e  sys tem x d ,  yd,  z d  d e s c r i b e d  i n  
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S e c t i o n  11. This  c o o r d i n a t e  system was s e l e n o c e n t r i c :  t h e  

zd a x i s  was d i r e c t e d  toward  t h e  radar; t h e  appa ren t  a x i s  of 

r o t a t i o n  was i n  t h e  yd - zd plane ;  and t h e  s u r f a c e  o f  t h e  

moon was assumed t o  be a u n i t  sphere .  The r e l a t i o n s  between 

X d J  YdJ 'dJ de l ay  and Doppler f requency  f o r  t h e  p a r a l l e l - r a y  

c a s e  were: 

f o  - f 

Fc R 
- 

'd - 

where 

d * r o u n d - t r i p  de l ay  from t h e  l e a d i n g  edge of t h e  moon, 

= r o u n d - t r i p  de l ay  from t h e  l e a d i n g  edge t o  t h e  l i m b  
DO 

of t h e  moon, 

f o  

f = Doppler f requency  of t h e  p o i n t  of  i n t e r e s t ,  

FcR = d i f f e r e n c e  i n  Doppler f requency  from t h e  l e a d i n g  

= Doppler f requency  o f  t h e  l e a d i n g  edge of t h e  moon, 

edge t o  t h e  limb. 

The ambigui ty  i n h e r e n t  i n  delay-Doppler mapping occurs  i n  t h e  

c h o i c e  of t h e  s i g n  o f  yd' 

f r ~ m  kncwledge cf' t h e  d i r e c t i z n  DT t h e  ZRtenna beam. An 

imaginary  r o o t  i n  yd i n d i c a t e d  t h a t  t h e  d e l a y  and Doppler 

f r equency  used t o  determine xd and zd were no t  p o s s i b l e  f o r  

a r e f l e c t i o n  f rom t h e  l u n a r  s u r f a c e .  

A t  t h e  AIO, t h e  s i g n  was determined 



a. Normalization of Echo 

The normalization of the radar echo, the first task of 

the mapping program, removed the predictable variations in 

reflected power resulting from: 

1. the position of the scattering area in the antenna beam, 

2. the variation in scattering area with different delays 

and frequency, and 

3. the decrease in reflected power with increasing delay. 

The antenna beam was assumed to be Gaussian, so each 

radar return in the delay-frequency matrix was multiplied by 

exp [a R2] . The term R was the angular distance between the 

point of interest and the center of the beam, as given by 

where 

= the radar coordinates of the point of interest, XdJ yd 
ydb = the radar coordinates of the center of the Xdb3 

main beam, and 

S = the semidiameter of the moon. 

The term awas chosen so that this multiplying factor was 

0.25 at the half-power beamwidth of 5.0 of arc. Reflecting 

areas were not mapped if they were outside the main beam Or 

if the conjugate area (the area with radar coordinates XdJ 

-'dJ d 

1 

z ) was in the main beam of' the antenna. 



The size of the scattering area was assumed to be 

inversely proportional to the radar coordinate y d.5 

variation of the echo with delay was given by the mean 

scattering law, which gave the power for a given angle of 

incidence 8. For the assumption that the moon was spherical, 

the angle of incidence was related to the ra,dar cmrdinate 

zd and delay by.\ 

The 

This formulation neglected l o c a l  differences in angle of 

incidence caused by slopes. The mean scattering law of the 

polarized echo was an empirical fit to the measurements 
6 reported by Hagfors,, which were performed at a wavelength 

of 68 em using transmitter pulses of 12 p s  duration. 

mean scattering law for the depolarized echo was assumed to 

have a Euler law dependence, P ( Q )  a cos 8.  This dependence 

is strongly suggested by the measurements reported by Evans 

and Pettengill,” which were a l s o  performed at a wavelength 

of 68 em, but with a transmitter pulse of 200 ps .  

The 

The normalized radar echo Pn(d,f), at a particular delay 

and Doppler frequency d,f was then, 

(A.4) 



where 

P ( 0 )  = the mean scattering law, 

Po(d,f) = the observed power, and 

N = the estimate of the noise. 

The constant of Equation ( A . 4 )  was chosen so that the average 

normalized echo was near 100. This normalization was 

performed before mapping the return into lunar coordinates, 

since each normalization was directly related to delay and 

frequency. 

b. Mapping into Lunar Coordinates 

The second task of the mapping program was to transform 

the matrix of'normalized power in delay and frequency into a 

matrix of normalized power versus lunar positions. 

lunar coordinates of interest were either the longitude- 

latitude (A ,  p )  coordinates or the direction cosines (, q, (. 
These are related by, 

The 

4 = cos ( p )  sin ( A )  

'll = sin ( B )  

( = 

B = 

cos ( B )  cos ( A )  

arc tan [v/(e2 + ( ) 2 1/2 3 
A =  arc 

For the parallel-ray case, the transformation into 

lunar coordinates from the radar coordinates required only 
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a r o t a t i o n  about  t h e  c e n t e r  of  t h e  moon. T h i s  t r a n s f o r m a t i o n  

was n o t  a c c u r a t e  because of p a r a l l a x  e f f e c t s .  For t h e  mapped 

a r e a ,  however, t h e  v a r i a t i o n  i n  d i f f e r e n c e s  between t h e  e x a c t  

and p a r a l l e l - r a y  de t e rmina t ion  of d e l a y  and f requency  was 

c o n s i d e r a b l y  l e s s  t h a n  t h e  r e s o l u t i o n  of t h e  mapping. If 

d e l a y  sampling and s p e c t r a l  ai-,&jisis - , - - - -  
w e l t :  t aken  SO t h a t  

a g iven  l u n a r  p o s i t i o n  n e a r  t h e  c e n t e r  of  t h e  mapped a r e a  was 

a t  a p a r t i c u l a r  d e l a y  and frequency,  t h e  d e l a y  and f requency  

of  any  o t h e r  l u n a r  p o s i t i o n  i n  t h e  mapped area could be 

computed u s i n g  t h e  p a r a l l e l - r a y  equa t ions .  

Another  problem was t h a t  t h e  t r a n s f o r m a t i o n  between t h e  

two c o o r d i n a t e s  systems changed s i g n i f i c a n t l y  i n  a n  hour ,  t h e  

t ime needed to reduce t h e  s t a t i s t i c a l  f l u c t u a t i o n s  of radar 

re turns ,  Thus, i t  was imposs ib l e  to f i n d  one t r a n s f o r m a t i o n  

t h a t  would c o r r e c t l y  map t h e  data for one hour,  and t h e  

a l t e r n a t i v e  approach of mapping eve ry  spectrum would  have been 

too t i m e  consuming. A compromise between t h e s e  two extremes was 

used. The s p e c t r a  were summed u n t i l  one o f  t h e  end p o i n t s  of  

t h e  map had dev ia t ed  i n  d e l a y  o r  f r equency  by t h e  r e s o l u t i o n  of 

t h e  measurement. These summed s p e c t r a  were t h e n  normalized 

and mapped on to  l u n a r  coord ina te s .  This  was repea ted  u n t i l  a l l  

t h e  s p e c t r a  were mapped. Genera l ly ,  5-10 s p e c t r a  were summed 

f o r  a p a r t i c u l a r  t r a n s f o r m a t i o n ,  and up to 50 s p e c t r a  were 

summed f o r  t h e  e n t i r e  map. 

The mapping of d e l a y  and f r equency  g iven  i n  te rms  of  t h e  

i n t o  t h e  l u n a r  c o o r d i n a t e s  E , l l , (  z d’ ’d’ d radar c o o r d i n a t e s  x 
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was a r o t a t i o n  about  t h e  c e n t e r  of t h e  moon. The amount of 

r o t a t i o n  was computed from t h e  l o n g i t u d e  and l a t i t u d e  of  

t h e  subradar  p o i n t ,  a ! ,  b ! ,  and t h e i r  r a t e s  of  change. It was 

convenient  t o  u s e  a t h i r d  a n g l e ,  d a ,  t h e  a n g l e  between t h e  

apparent  and a c t u a l  axes  of r o t a t i o n  as viewed by t h e  radar 

g iven  i n  an e a r l i e r  s tudy5:  

r db!  1 

J '  -dt  

COS ( b ' )  dl? '  
d a  = a r c  tan 

The t r ans fo rma t ion  of i n t e r e s t  was from l u n a r  c o o r d i n a t e s  

i n t o  radar c o o r d i n a t e s ,  s o  t h a t  t h e  d e l a y  and Doppler f r equency  

of a p a r t i c u l a r  s e l e n o g r a p h i c  p o s i t i o n  could be computed. 

This  t r a n s f o r m a t i o n  was: 

'd = "21 6 + a22 ' + '23 < 

where 

all = c o s  ( d a )  cos  (1') + s i n  ( d a )  s i n  ( b ' )  s i n  ( a ! )  

- s i n  ( d a )  cos  ( b ' )  "12 = 

=-cos ( d a )  s i n  ( 4 ' )  + s i n  ( d a )  s i n  ( b ' )  cos  ( a 1 )  "13 
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a = s i n  ( d a )  cos  ( . e t )  - cos  ( d a )  s i n  ( b ' )  s i n  ( i t )  2 1  

cos  ( d a )  cos ( b ' )  - 
"22 - 

= - s i n  ( d a )  s i n  (if) - cos  ( d a )  s i n  ( b ' )  cos  ( i t )  a23 

a = cos  ( b ' )  s i n  ( R I )  31 

a32 = s i n  ( b ' )  

(A* 8 )  = cos ( b ' )  COS ( R ' )  , "33 

During t h e  radar obse rva t ion ,  a s p e c i f i c  l u n a r  p o s i t i o n ,  

Es, Ts, ps  was made t o  f a l l  at  a d e l a y  box, i d s ,  and 

p a r t i c u l a r  f requency  box, i f s .  

( i d ,  i f ) ,  of any o t h e r  l u n a r  p o s i t i o n  was t h e r e f o r e :  

The d e l a y  and f requency  box, 

= i d s  - =0 (a3. A t  + a32AV + a33 A t ,  
Azd  ,, i d  = i d s  - 

where 

A 4  = 4 - 4 ,  

Ad = s e p a r a t i o n  i n  t i m e  d e l a y  between samples 

Af = s e p a r a t i o n  i n  f requency between samples. 



The power a t  a p a r t i c u l a r  d e l a y  and f r equency  was a 

complicated average  of t h e  power r e f l e c t e d  f o r  an a r e a  on 

t h e  l u n a r  s u r f a c e ,  t h e  s i z e  of which was determined by t h e  

t r a n s m i t t e r  p u l s e  l e n g t h  and t h e  f requency  bandwidth of spec-  

t r a l  a n a l y s i s .  

a r e a s  were a d j a c e n t  and covered some a r e a  of i n t e r e s t .  

same way, t h e  echoes were mapped on to  a g r i d  of  l u n a r  p o s i t i o n s ,  

where each g r i d  p o i n t  had a n  a r e a  a s s o c i a t e d  w i t h  i t .  

a r e a s  were rough ly  e q u a l  t o  t h e  a r e a  a s s o c i a t e d  wi th  a de lay-  

The spac ing  of t h e  samples was such t h a t  t h e s e  

I n  t h e  

- 

These 

frequency sample. The normalized power f o r  a g i v e n  l u n a r  

p o s i t i o n  was 

- - -  2 A ( m J n )  P ( m J n )  
'i j Ai 

m,n 
( A .  10)  

where 

'i j = normalized power of  t h e  ith, jth l u n a r  

g r i d  p o i n t ,  
t h  = a r e a  a s s o c i a t e d  w i t h  t h e  i , jth l u n a r  *i j 

g r i d  p o i n t ,  

P(m,n) = power a s s o c i a t e d  w i t h  t h e  mthJ nth de lay-  

f r equency  g r i d  p o i n t ,  

A(m,n) = common a r e a  between t h e  A i j  and t h e  a r e a  

a s s o c i a t e d  w i t h  t h e  de l ay - f r equency  g r i d  p o i n t .  

An approximation t o  t h i s  summation was performed i n  t h e  mapping 

program. The l u n a r  c e l l  was d i v i d e d  i n t o  N x N s u b c e l l s ,  and 
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the power for each s u b c e l l  was taken  t o  be t h e  power of t h e  

n e a r e s t  de lay- f requency  p o i n t .  

p o i n t  was t h e  average  of  t h e  powers from a l l  s u b c e l l s .  

t h i s  approximation t o  be v a l i d ,  t h e  a r e a  a s s o c i a t e d  w i t h  t h e  

l u n a r  p o s i t i o n  had t o  be  e q u a l  t o  or  l a r g e r  t h a n  t h e  a r e a  

a s s o c i a t e d  w i t h  t h e  delay-frequency g r i d .  

The power of a l u n a r  g r i d  

For 

4.  Summary 

The mapping program produced a measure of t h e  r e f l e c t i n g  

p r o p e r t i e s  f o r  t h e  area surrounding each p o i n t  of a s e t  o f  

g r i d  p o i n t s  i n  l u n a r  coord ina te s .  

approximate ly  matched t h e  r e s o l u t i o n  i n  t ime d e l a y  and f requency  

provided  by t h e  radar system and subsequent F o u r i e r  a n a l y s i s .  

Normal iza t ion  of t h e  radar echo i n  t h e  mapping program removed 

Experimental  v a r i a t i o n s  t h a t  wciuld mask s u b t l e  d i f f e r e n c e s  i n  

t h e  r e f l e c t i v i t J -  of t h e  l u n a r  zur face .  

The spac ing  of  g r i d  p o i n t s  



APPENDIX B. DATA 

The maps of t h e  radar r e f l e c t i v i t y  f o r  approx ima te ly  

one - th i rd  of t h e  v i s i b l e  l u n a r  s u r f a c e  a r e  p r e s e n t e d  here .  

Maps correspond t o  e i t h e r  a LAC c h a r t 7  o r  a map from t h e  

Orthographic  Lunar A t l a s ,  as l i s t e d  i n  Table  5. 8 

Independent mappings of  t h r e e  a r e a s  and f o u r  mappings a t  a 

f i n e r  r e s o l u t i o n  a r e  a l s o  p r e s e n t e d .  The range  r e s o l u t i o n ,  

f requency r e s o l u t i o n ,  and d a t e s  of  o b s e r v a t i o n s  are  g iven  

i n  T a b l e  6 .  

The i n t e n s i t y - m o d u l a t i o n  p l o t s  a r e  l a b e l l e d  i n  c a p i t a l  

Roman numerals as P l a t e s  I through XXXIV, and t h e  i s o m e t r i c  

p l o t s  a r e  l a b e l l e d  i n  lower-case Roman numerals  as P l a t e s  i 

through xxxiv.  I n  t h e  i s o m e t r i c  p l o t s ,  t h e  t i c k  marks on 

t h e  o r d i n a t e  are s e p a r a t e d  by  t h e  mean normalized power, w i t h  

every  f i f t h  t i c k  mark accen ted .  The t i c k  marks on t h e  

a b s c i s s a  a r e  s e p a r a t e d  by e i t h e r  two d e g r e e s  o f  l o n g i t u d e  o r  

evpry 0.050 i n  4 ,  depending upon t h e  c o o r d i n a t e s  o f  t h e  map. 

I n  the i n t e n s i t y - m o d u l a t i o n  p l o t s ,  t h e  a b s c i s s a  i s  l o n g i t u d e  

o r  d i r e c t i o n - c c s i n e  4 ,  t h e  o r d i n a t e  i s  l a t i t u d e  o r  d i r e c t i o n -  

c o s i n e  Tl; t h e  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  normal ized  

radar r e t u r n .  The g r i d  l i n e s  i n  t h e  i n t e n s i t y - m o d u l a t e d  

p l o t s  d o  n o t  n e c e s s a r i l y  cor respond t o  i n t e g e r  v a l u e s  of 

dep rees  i n  l a t i t u d e  o r  l o n p i t u d e .  
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Table 6 
Observational Data for Moon Radar Maps 

~ 

Range Frequency 
Plate Title Resolution Resolution Date Observed 

(k4 (km) 

-I LAC 24 

I1 LAC 25 

I11 LAC 39 

IV LAC 40 

V LAC 41 

VI LAC 42 

VII LAC 56 

VI11 LAC 57 

IX LAC 58 

X LAC 59 
XI LAC 60 

XII LAC 61 

XIII LAC 62 

xm LAC 74 

xv LAC 75 
XVI LAC 77 

XVII LAC 78 

XVIII LAC 79 

XIX LAC 80 

xx LAC 93 

7.9 

8.2 

6.6 

7.9 
10.5 

7.2 

4.5 

7.8 
8.8 

8.1 

10.3 

8.3 
6.6 

6.5 

7.1 

8.5 

9.9 

6.3 

4.9 

7- 4 

7.6 

6. 5 

5.9 

5.9 

5.1 

7.0 

8.2 

5.8 

5.1 
6.1 

7.3 

7.3 
8.6 

9- 5 

7.0 

4.9 

5.6 
6.1 

11.2 

7.8 

17 April 1967 2337 - 24:lO 

1.'7 ~ p r i l .  1967 22:43 - 23:22 

1 Nov. 1966 o6:05.- 06:45 

1 Nov. 1966 07:17 - 07:44 
15 Mar, 1967 20:14 - 20:42 

3 Nov. 1966 0756 - 08:io 

19 Feb. 1967 0O:lO - 08:;18 

17 Feb. 1967 2336 - 24:OO 

12 Mar. 196'7 17:50 - 18~22 
26 oct. 1967 09:12 - og:50 

20 Apr. 1967 01:22 - 02:04 

13 June 1967 21:53 - 22:33 

13 June 1967 20:30 - 21:lO 

19 Apr. 1967 23:40 - 24:19 
06 Dee. 1966 11:39 - 12:12 

20 Sept. 1967 04:39 - 05~10 

17 Feb. 1967 22:16 - 22:56 

15 Mar. 1967 19~06 - 19:46 

18 Feb. 1967 23:11 - 23:,47 

04 NOV. 1966 08~18 - 08:57 



Table 6 ( C o n t ' d . )  4 1  

Range Frequency 

( k m )  (km) 
P l a t e  T i t l e  R e s o l u t i o n  R e s o l u t i o n  Date Observed 

X X I  LAC 94 8 .6  6.6 22 Apr. 1967 01:38 - 0 2 ~ 1 8  

XXII LAC 95 6 .5  5.0 02 June 1967 08:27 - 08:55 

XXIII B3a 6 . 1  7.4 06 Nov. 1966 11:55 - 12:30 
- 
. XXIV C2a 6.0 6.7 03 Nov, 1966 08:41 - 09:20 

xxv C7a 7.2 7 .3  04 Nov. 1966 09:36 - 1 0 ~ 6  

XXVI D2a 8.0 6.8 17 Apr. 1967 23:37 - 2 4 : l O  

XXVII D7a 10.2 6.5 17 A p r .  1967 21:38 - 2 2 ~ 1 7  

XXVIII Orb i t e r  2.3 3- 9 27 Sept .  1967 10:58 - 11:55 

XXIX Theophilus 3.7 2 . 8  2 1  Sept .  1967 06:16 - 07:1.5 

xxx Copernicus 4.0 2.7 21  Sept .  1967 05:oo - 06:oo 

XXXI Tycho 2.6 3.2 26 Sept .  1967 10:03 - 11:OO 

XXXII LAC 25a 8.2 6.5 17 A p r .  1967 22:43 - 23:22 

LAC 25b 8 . 4  6 .8  24 Jan. 1967 03:37 - 03:57 

XXXIII LAC 56a 4.5 8.2 19 Feb. 1967 0O:lO - 00:48 

LAC 56b 7.0 7.1 03 July 1967 13:32 - 14:Og 

XXXIV LAC 80a 4.9 11.2 18 Feb. 1967 2 3 : l l  - 23:47 



APPENDIX C .  MEASUREMENT OF POWER 

VERSUS DELAY AT 7 .5  M%TERS 

The an tenna  a t  t h e  AI0 i s  a l s o  equipped w i t h  a radar 

o p e r a t i n g  a t  a wavelength of  7.5 m ( a  f requency  of 40 Mhz).  

The moon was observed wi th  t h i s  system a l s o ,  a l though  only 

t h e  mean s c a t t e r i n g  behav io r  of t h e  p o l a r i z e d  echo was 

measured. These measurements a g r e e  w i t h  t h o s e  a t  a wavelength 

of 6 m ,  a l t hough  t h e  new measurements a t  t h e  AI0 showed 

s l i g h t l y  s t r o n g e r  b a c k s c a t t e r i n g  f o r  h igh  a n g l e s  of  

i nc idence .  

9 

The s c a t t e r i n g  behav io r  n e a r  t h e  l e a d i n g  edge was 

i n v e s t i g a t e d  wi th  t r a n s m i t t e r  p u l s e s  of  20 I_LS d u r a t i o n  

( s e e  F igu re  C .  1). 

edge was i n v e s t i g a t e d  w i t h  l o n g e r  p u l s e s  of 100 ps d u r a t i o n  

( s e e  F igures  C . 2  and C.3). 

used ,  t he  echo from t h e  l e a d i n g  edge was n o t  a c c u r a t e l y  

determined,  because i t  o f t e n  exceeded t h e  dynamic range  

o f  t h e  r eco rd ing  equipment. T h i s  r e s u l t e d  from t h e  u s e  of 

a h igh  ga in ,  which was n e c e s s a r y  t o  obse rve  echoes n e a r  t h e  

l i m b .  When p l o t t e d ,  t h e  power o f  t h e s e  echoes was f i x e d  

a t  22 db  below t h e  l e a d i n g  edge echo a t  a d e l a y  of one m s .  

The s c a t t e r i n g  behav io r  toward t h e  l i m b  tended  toward 

The s c a t t e r i n g  behav io r  beyond t h e  l e a d i n g  

When t h e s e  l o n g e r  p u l s e s  were 

where P(0)  i s  t h e  power a t  t h e  a n g l e  of i n c i d e n c e  8 .  

4 2  
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PLATES OF RADAR MAPS 



P l a t e  I 

LAC 24 SINUS IRIDUM 

Longitude = - 3 8 O ,  -14O 

L a t i t u d e  = 32O, 48' 

The Montes J u r a ,  

which surrounds Sinus 

Iridum, were rougher 

t h a n  t h e  a d j a c e n t  maria  

r eg ions .  A d i f f e r e n c e  

i n  roughness was 

observed between 

long i tudes  -16' and 

-14' ( r i g h t ) .  This  

a r e a  i s  l i g h t e r  i n  

full-moon photographs.  

Many i s o l a t e d  c r a t e r s  

showed enhanced back- 

s c a t t e r i n g .  

50 
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. -30" . 

P l a t e  i. Isometric P l o t  of R a d a r  Map of P l a t e  I, 
LAC 24 Sinus Iridium. 



P l a t e  I1 

LAC 25 CASSINI 

Longitude = - 14O, 10' 

L a t i t u d e  = 3 2 O ,  48' 

The p o r t i o n  of 
Mare Imbrium observed 
as a rough a r e a  (middle 
l e f t )  i s  n o t  c o r r e l a t e d  
w i t h  any o p t i c a l  f e a t u r e .  
The c r a t e r  A r i s t i l l u s  
w a s  rough and showed a 
s p e c u l a r  r e t u r n  from 
i t s  far ( n o r t h )  r i m .  
The mountain r i d g e s  of 
Montes T e n e r i f f e  and 
Montes S p i t z b e r g e n s i s ,  
t h e  i s o l a t e d  mountains 
o f  P ico ,  Pic0 B y  and 
P i t o n ,  and t h e  mountains 
on t h e  e a s t e r n  sho re  o f  
Mare Imbrium were 
rougher  t h a n  t h e i r  
envi rons .  The Montes 
Caucasus i n  t h e  south- 
Past showed i n c r e a s e d  
roughness.  (See a l s o  
P l a t e s  X X V I  and X X X I I . )  

5 2  
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-48" 

! 

- 32" 

P l a t e  ii. I s o m e t r i c  P l o t  of Radar Map of P l a t e  11, 
LAC 25 Cassini. 



Plate I11 

LAC 39 ARISTARCHUS 

Longitude = -50°, -30' 

Latitude = 16O, 32' 

The rayed crater 

Aristarchus was observed 

as the rough area in the 

west. The Montes 

Harbinger, which are 

east of Aristarchus, 

were slightly rougher 

than the adjacent maria. 

Numerous craters showed 

enhanced backscattering. 
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P l a t e  iii. Isometric P l o t  of R a d a r  Map of P l a t e  111, 
LAC 39 Aristarchus. 



P l a t e  IV 

LAC 40 TIMOCHARIS 

Longitude = - 30°,-10 
L a t i t u d e  = 16', 32' 

0 

The h igh  r e t u r n s  
I 

i n  t h e  southwest  co rne r  

of t h e  depo la r i zed  map 

a r e  probably  due t o  

leakage  of h igh  p o l a r i z e d  

r e t u r n s  from t h e  c r a t e r  

Tycho, which was i n  

t h e  con juga te  r e f l e c t i n g  

a r e a .  La Hire, a n  

i s o l a t e d  mountain peak, 

showed an  enhancement 

t h a t  was due t o  

i n c r e a s e d  roughness.  

Pola r i zed 

Rat io  

All o t h e r  b a c k s c a t t e r i n g  

enhancements were 
I 

The l a r g e r  c r a t e r s  

showed s p e c u l a r  high-  

l i g h t s  from t h e i r  far  

( n o r t h )  r i m s .  
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-L I 1 I I I I I I I 
- 3 b  -do" x- -b 

16" 

-32" 

' 16" 

Plate iv. Isometric Plot of Radar Map of Plate IV, 
LAC 40 Timocharis. 



P l a t e  V 

LAC 4 1  MONTES APENNINUS 

Longitude = - loo ,  + loo  
L a t i t u d e  = 16O, 32' 

The Montes Apenninus 

( c e n t e r )  showed s p e c u l a r  

h i g h l i g h t s ,  an  expec ted  

r e s u l t e d  for b a c k s c a t t e r i n g  

n e a r  t h e  l e a d i n g  edge. 

The  c r a t e r  Archimedes, 

i n  t h e  n o r t h ,  showed 

only a rough r i m .  The 

c r a t e r  Autolycus,  a l s o  

i n  t h e  n o r t h ,  appeared 

t o  be rough and showed 

a s p e c u l a r  h i g h l i g h t  

from i t s  far  ( n o r t h )  r i m .  

S e v e r a l  s m a l l  c r a t e r s  

showed s p e c u l a r  h igh-  

l i g h t s .  

Depolar ized 

S 

Polar i ze d 

Rat io  
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.- 

16" 
-I 
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16" 

P l a t e  v .  Isometric P l o t  of Radar Map of Plate V, 
LAC 41 Montes Apenninus. 
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Pla t e  VI 

LAC 42 MARE SERENITATIS 

Longitude = loo, 30' 
L a t i t u d e  = 16O, 32' 

The f e a t u r e s  of  

t h i s  map appear  t o  be 

smeared a long  contours  

of c o n s t a n t  delay,  an 

i n d i c a t i o n  o f  an e r r o r  

i n  t h e  compensation for 

t h e  Doppler frequency of 

t h e  echo. The sou th  and 

east "coas t s "  o f  Mare 

S e r  e n i t  a t  i s were smoother 

t h a n  t h e  remaining maria 

and correspond t o  t h e  

dark  c o a s t s  seen i n  t h e  

full-moon photographs.  

The famous c r a t e r  Linng 

showed an  enhancement, 

bu t  w a s  no t  resolved.  

S e v e r a l  o t h e r  small  

c r a t e r s  showed enhance- 

ment s. 

S 

Depolar ized 

Po la r i zed --- 

a 

Rat io  
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P l a t e  VI1 

LAC 56 HEVELIUS 

Longitude = -TO0,  -50' 

L a t i t u d e  = Oo,  16' 

The rough a r e a s  i n  

t h e  west are i d e n t i f i e d  

as t h e  c r a t e r s  Hevelius 

and Cavaler ius .  The far  

(wes t )  r i m s  showed a 

S 

Po ar ized 
w I* 

h i g h l i g h t  i n  both  

p o l a r i z a t i o n s .  The h i l l s  

nea r  Cavaler ius  D, i n  t h e  

w e s t ,  and Marius, i n  t h e  

n o r t h e a s t ,  were s l i g h t l y  

rougher than  t h e  ad jacen t  

maria. Enhancements were 

observed f o r  s e v e r a l  s m a l l  Ratio 
c r a t e r s .  Another mapping 

of t h i s  a r e a  i s  shown i n  

P l a t e  X X X I I I .  

1 
i 

R 

II 
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P l a t e  v i i .  I s o m e t r i c  Plot of Radar Map of  P l a t e  V I I ,  
LAC 56 Heve l ius .  



P l a t e  VI11 

LAC 57 KEPLER 

64 

w7 Depolar ized 

S 

Longitude -50°, -30' 

L a t i t u d e  = O o ,  16' 

The extremely rough 

f e a t u r e  nea r  t h e  c e n t e r  

of t h e  map i s  t h e  

rayed c r a t e r ,  Kepler.  

Many sma l l e r  c r a t e r s  

a l s o  appeared t o  be 

rough. 

Pol a r i zed 

Rat io  



1 

P l a t e  v i i i .  Isometric Plot of R a d a r  Map of P l a t e  V I I I ,  
LAC 57 K e p l e r .  



P l a t e  I X  

LAC 58 COPERNICUS 

Longitude = -30°, -10' 

L a t i t u d e  = Oo, 16' 

The l a r g e  rough 

area i n  t h e  c e n t e r  of 

t h e  map i s  t h e  rayed  

c r a t e r  Copernicus.  

P l a t e  XXX shows t h i s  

c r a t e r  mapped w i t h  a 

twofold  improvement i n  

r e s o l u t i o n .  The Montes 

Carpa tus  i n  t h e  n o r t h  

and s e v e r a l  smaller 

c r a t e r s  showed s p e c u l a r  

h i g h l i g h t s .  

D e p o l a r i z e d  

66 

Polar ized 
111 v -  m 

Rat io 



P l a t e  i x .  I s o m e t r i c  Plot of Map of P l a t e  I X ,  
LAC 58 Copernicus .  



P l a t e  X 

LAC 59 MARE VAPORUM 

Longitude = -IO', +IO 0 

L a t i t u d e  = O o ,  16' 

The p o l a r i z e d  map 

show6 many specu la r  

h i g h l i g h t s  from r i d g e s  

t i l t e d  toward t h e  radar. 

The rough a r e a  i n  t h e  

n o r t h e a s t  i s  t h e  c r a t e r  

Manil ius .  
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Plate x. Isometric P l o t  of R a d a r  Map of P l a t e  X, 
LAC 59 Mare Vaporum. 



P l a t e  X I  

LAC 60 JULIUS CAESAR 

Longitude = loo, 30' 

L a t i t u d e  = Oo, 16' 

70 

w7 Depolari zed 

1 
S 

Many c r a t e r s  and 

r i d g e s  i n  t h e  west showed 

s p e c u l a r  h i g h l i g h t s .  The Po 
r i d g e s  i n  t h e  nor thwes t  

were p a r t i c u l a r l y  w e l l  

a l i g n e d  t o  g i v e  s p e c u l a r  

h i g h l i g h t s .  P l a t e  X X I X  

shows t h e  southwest 

p o r t i o n  of  t h i s  map 

observed w i t h  a twofold 

improvement i n  

r e s o l u t i o n .  

a r i z e d  

Rat io  



. 

P l a t e  x i .  I somet r i c  Plot of Radar Map o f  P l a t e  X I ,  
LAC 60 J u l i u s  Caesar. 
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De po I or 
Plate X I 1  

LAC 61 TARUNTIUS 

Longitude = 30°, 50' 

Latitude = O o ,  16' 

Palus Somnii, in 

the northeast, and the 

Montes Pyrenaei, in the 

south, were rougher than 

the adjacent areas of 

Mare Tranquillitatis. 

The crater Taruntius, 

in the east, had a 

rough floor and an even 

rougher rim. Many small 

craters showed enhanced 

backscattering. 

Pol a r i z e d 
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P l a t e  xii. Isometric Plot of Radar Map of Plate X I I ,  
LAC 61 Taruntius. 
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P l a t e  XI11 

LAC 62 MARE UNDAFUJM 

Longitude = ~ o O ,  70° 

L a t i t u d e  = O o ,  16' 

The h igh lands  

between Mare Crisium, 

i n  t h e  n o r t h ,  and Mare 

F e c u n d i t a t i s ,  i n  t h e  

southwest ,  were rougher  

t h a n  t h e  a d j a c e n t  maria. 

Some of t h e  s l o p e s  i n  

t h e  h igh lands  had 

s p e c u l a r  h i g h l i g h t s  and 

appear  as t h e  dark  spo t s  

i n  t h e  r a t i o  map. The 

rough a r e a  i n  Mare 

Cris ium i s  t h e  c r a t e r  

P i ca rd .  
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P l a t e  x i i i .  I s o m e t r i c  Plot of Radar Map of  P l a t e  X I I I ,  
LAC 62 Mare Undarum. 



DeDo la r i  zed 

P l a t e  X N  

LAC 74 GRIMALDI 

Longitude = -70°, -50' 

L a t i t u d e  = -16O, 0' 

The h igh lands  i n  

t h e  wes tern  p o r t i o n  o f  

t h i s  map were rougher  

t h a n  t h e  f l o o r  of 

c r a t e r  G r i m a l d i  and t h e  

a d j a c e n t  areas of Oceanus 

Procel larum. The c r a t e r s  

S i r s a l i s  and S i r s a l i s  A 

were t h e  rough a r e a s  i n  

t h e  south. S e v e r a l  

o t h e r  c r a t e r s  showed 

enhanced b a c k s c a t t e r i n g .  

S 

i 
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Plate xiv. Isometric P l o t  of Radar Map of Plate X I V ,  
LAC 74 Grimaldi. 



Plate XV 

LAC 75 LETRONNE 

Longitude = -50°, -30° 

Latitude = -16O, 0' 

The Flamsteed ring, 

in the northwest, the 

ridges that emerge f r o m  

Oceanus Procellarum, 

were rough. Many craters 

showed enhanced back- 

scattering. The crater 

Gassendi A, in the south, 

was extremely rough. The 

gradation in reflected 

Depolarized w-l 

Polarized 

d 

power that runs f r o m  west 

to east probably resulted 
R a t i o  

from an antenna-pointing 

error, which positioned 

the antenna further west 

than was intended. 
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P l a t e  xv. I s o m e t r i c  P l o t  of R a d a r  Map of P l a t e  X V ,  
LAC 75 Letronne. 
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P l a t e  XVI 

LAC 77 PTOLEMAEUS 

Longitude = - loo ,  + l o o  
L a t i t u d e  = -16", 0' 

The f a r  ( s o u t h )  rims 

o f  t h e  l a r g e  c r a t e r s  

Ptolemaeus,  Alphonsus, 

and Alba tegn ius  showed 

s p e c u l a r  h i g h l i g h t s ,  

which make t h e  p o l a r i z e d  

map resemble  an o p t i c a l  

photograph;  however, t h e  

r i m s  o f  t h e s e  c r a t e r s  

were rougher  t h a n  t h e i r  

f l o o r s .  The n o r t h e r n  

p o r t i o n  of t h e  map was 

d e l e t e d  because  t h e  

an tenna  beam was po in ted  

t o  t h e  s o u t h  t o  d i s c r i m i n a t e  

.& a ii t oii J ugat e 

r e f l e c t i n g  a r e a s .  

Depolar ized 

S 

Po I a r i r e  d 
I 

Ratio 
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Plate xvi. I s o m e t r i c  P l o t  of R a d a r  Map of P l a t e  XVI, 
L A C  77 Ptolemaeus. 
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Plate XVII 

LAC 78 THEOPHILUS 

Longitude = loo, 30' 

Latitude = -16O, 0' 

The rough area in 
the southeast is the 
large rayed crater 
Theophilus. Some 
difference in roughness 
is apparent in the 
northeast between the 
highlands and the 
adjacent areas of 
Mare Tranquillitatis. 
The apparent roughness 
in the northwest corner 
of the map may be an 
error. This area was 
observed near the 
libration equator, 
where inadequate 
discrimination against 
reflections of the 
conjugate reflecting 
areas may have occurred. 
The eastern portion of 
this map was observed 
w i t n  a twofold improve- 
ment in resolution, and 
is shown in Plate X X I X .  
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P l a t e  x v i i .  I s o m e t r i c  P l o t  of R a d a r  Map of P l a t e  XVII, 
LAC 78 Theophilus.  
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Plate XVIII 

LAC 79 COLOMBO 

Longitude = 30°, 50' 

Latitude = -1-6'~ 0' 

The Montes Pyrenaei 

(center), were rougher 

than Mare Fecunditatis, 

in the northeast, and 

Mare Nectaris, in the 

southwest. Several 

craters showed specular 

highlights. 
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Plate xviii. Isometric P l o t  of Radar Map of Plate XVIII, 
LAC 79 Colombo. 
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P l a t e  X I X  

LAC 80 LANGRENUS 

Longitude = 50°, 70' 

L a t i t u d e  = -16O, 0' 

The extremely rough 

a r e a  i n  t h e  c e n t e r  of 

t h i s  map i s  t h e  l a r g e  

rayed c r a t e r  Langrenus. 

Seve ra l  o t h e r  c r a t e r s  

showed b a c k s c a t t e r i n g  

enhancements, which were 

i d e n t i f i e d  as rough 

s u r f a c e s .  Another 

obse rva t ion  of' t h i s  

a r e a  i s  shown i n  

P l a t e  XXXIV. 

Ratio 
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P l a t e  xix. I s o m e t r i c  Plot of R a d a r  Map of  P l a t e  XIX, 
LAC 80 Langrenus .  
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P l a t e  XX 

LAC 93 MARE KUMORUM 

Longitude = -50°, -TOo 

L a t i t u d e  = -32 , -16 0 0 

Mare Humorum 

( c e n t e r )  w a s  smoother 

t han  i t s  envi rons .  The 

c r a t e r s  Gassendi ( n o r t h )  

and V i t e l l o  ( s o u t h )  

were moderately rough. 

The smearing of echoes 

a long  contours  of 

c o n s t a n t  d e l a y  probably 

r e s u l t e d  from an e r r o r  

i n  t h e  compensation 

f o r  t h e  Doppler 

frequency. 
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P l a t e  xx. Isometric Plot of R a d a r  Map of P l a t e  XX, 
LAC 93 Mare Humorum. 



P l a t e  XXI 

LAC 94 PITATUS 

Longitude = -30°, -10' 

L a t i t u d e  = - 3 2 O ,  -16' 

The c r a t e r s  Campanus 

and Campanus A ( sou th -  

west) ,  B u l l i a l d u s  

( n o r t h w e s t ) ,  and 

Agatharchides  A (wes t )  

appeared as rough a r e a s .  

The c r a t e r  P i t a t u s  ( south-  

e a s t )  showed o n l y  a rough 

r i m .  Many s p e c u l a r  high- 

l i g h t s  from small c r a t e r s  

a r e  seen  i n  t h e  p o l a r i z e d  

map. The depo la r i zed  

r e t u r n s  i n  t h e  n o r t h e a s t  

were a f f e c t e d  by leakage 

of s t r o n g  p o l a r i z e d  

echoes from conjugate  

r e f l e c t i n g  a r e a s .  

Depola r i zed w-l 

Po la r i z ed 
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Plate xxi .  Isometric P l o t  of R a d a r  Map of P l a t e  X X I ,  
LAC 94 P i t a t u s .  
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P l a t e  XXII 

LAC 95 PURBACH 

Longitude = -loo, +loo 

L a t i t u d e  = -32', -16' 

The c r a t e r s  

Arzachel ,  i n  t h e  n o r t h ,  

and Werner, i n  t h e  

s o u t h e a s t ,  were rough. 

I n  t h e  p o l a r i z e d  map, 

s p e c u l a r  h i g h l i g h t s  

from t h e  far ( s o u t h )  

r i m s  are seen  f o r  many 

craters. 
i 
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P l a t e  x x i i .  I s o m e t r i c  P l o t  of R a d a r  Map of P l a t e  X X I I ,  
L A C  95 Purbach. 
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Plate XXIII 

B3a TAURUS 

4 - .TOO,  .300 

rl 552, .230 

The crater Posidonius 
(north) showed a rough 
r i m .  The rough area in 
the center of the map 
is the crater Rbmer. 
The Montes Taurus 
(center) are rougher 
than the adjacent areas 
of Mare Serenitatis to 
the west and Mare 
Tranquillitatis to the 
South. The eastern 
shore of Mare Serenitatis, 
which is dark in full- 
moon photographs, is 
smoother than t h e  

adjacent mare. Many 
small craters showed 
backscattering 
enhancements. 
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P l a t e  xxiii. Isometric P l o t  of Radar Map of P l a t e  X X I I I ,  
B3a Taurus .  



P l a t e  XXIV 

C2a CAUCASUS 

4 = .380, -.020 

7 = .810, .460 

The c r a t e r s  

Eudoxus ( c e n t e r )  and 

A r i s t i l l u s  ( sou thwes t )  

were v e r y  rough. The 

Montes Caucasus ( c e n t e r )  

were rougher  t h a n  t h e  

a d j a c e n t  areas of Mare 

S e r e n i t a t i s  t o  t h e  

e a s t  and Mare Imbrium 

t o  t h e  weat. Many 

s m a l l  c r a t e r s  showed 

enhanced radar r e t u r n s .  
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P l a t e  xxiv. Isometric P l o t  of Radar Map of Plate XXIV, 
C2a Caucasus. 



P l a t e  XXV 

C7a MAUROLYCI S 

4 = -380, -0.100 

7 - .4gOJ -.830 

The s l i g h t l y  rough 

area i n  t h e  c e n t e r  o f  

t h i s  map i s  t h e  c r a t e r  

Maurolycus. Many 

s p e c u l a r  h i g h l i g h t s  

can be seen  a t  t h e  f a r  

( s o u t h )  r i m s  o f  t h e  

c r a t e r s .  The b r i g h t  

a r e a s  i n  t h e  west are 

n e a r  t h e  c r a t e r  Tycho. 

Specu la r  h i g h l i g h t s  were 

shown by many s m a l l  

c r a t e r s .  
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P l a t e  xxv. I s o m e t r i c  P l o t  of R a d a r  Map or P l a t e  XXV, 
C7a Maurolycus. 



100 

P l a t e  X X V I  

D2a PLAT0 

4 - ,085, -.315 
‘tl - ,820, .500 

The c r a t e r  P l a t o  
( n o r t h )  and Archimedes 
( s o u t h )  showed on ly  
rough r i m s .  The c r a t e r  
A r i s t i l l u s  ( s o u t h e a s t )  
w a s  v e r y  rough. A 
p o r t i o n  of Mare Imbrium, 
( c e n t e r ) ,  an  a r e a  t h a t  

i s  no t  d i s t i n g u i s h e d  
o p t i c a l l y ,  was observed 
t o  be rough. The Montes 
S p i t z b e r g e n s i s ,  Montes 
T e n e r i f f e ,  and Montes 
R e c t i  were rougher t h a n  
t h e  a d j a c e n t  maria. The 
Montes Alpes ( n o r t h e a s t )  
appeared t o  be s l i g h t l y  
rougher  t h a n  Mare Imbr ium.  
Many s m a l l  c r a t e r s  
showed enhanced back- 
s c a t t e r i n g .  These d a t a  
were a l s o  mapped on to  
l o n g i t u d e  and l a t i t u d e  
c o o r d i n a t e s  and  z3-e 

shown i n  P l a t e  11, 
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P l a t e  xxvi. Isometric Plot of Radar Map of P l a t e  X X V I ,  
D 2 a  P l a t o .  
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P l a t e  XXVII 

D'7a TYCHO 

- .030, -.370 
Tl = -.510, -.830 

The v e r y  rough a r e a  

i n  t h e  c e n t e r  of t h e  map 

i s  t h e  rayed c r a t e r  

Tycho. Some modulat ion 

i n  echo i n t e n s i t y  i s  

a l i g n e d  w i t h  t h e  r a y s  t o  

t h e  n o r t h  of  Tycho. T h e  

l a r g e  c r a t e r  Longomontanus 

( sou thwes t )  w a s  s l i g h t l y  

rough. Many c r a t e r s  t o  

t h e  n o r t h  of Tycho 

showed s p e c u l a r  h i g h l i g h t s  

from t h e i r  far  ( s o u t h e r n )  

r i m s .  S e v e r a l  of t h e s e  

were rougher  t h a n  t h e i r  

env i rons ,  as shown i n  t h e  

r a t i o  map. The c r a t e r  

Tycho w a s  mapped w i t h  a 

tw.c!fc!ld i?Epyy"rement fn 

r e s o l u t i o n ,  and i s  shown 

i n  P l a t e  X X X I .  
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Plate xxvii. Isometric Plot of R a d a r  Map of Plate XXVII, 
D7a Tycho. 



P l a t e  X X V I I I  

LUNAR ORBITER SITE 11-P-2 

Longitude = 30°, 38' 

L a t i t u d e  = -4O, +6O 

The Lunar O r b i t e r  

S i t e  11-P-2 i s  c e n t e r e d  

on a l o n g i t u d e  of 

34'00' e a s t  and a 

l a t i t u d e  of  2' 4 0 '  

n o r t h .  The rough a r e a  

i n  t h e  c e n t e r  of t h e  

map i s  t h e  Montes 

Pyrenae i .  The Lunar 

O r b i t e r  S i t e ,  which 

was no t  markedly 

d i f f e r e n t  from t h e  

a d j a c e n t  a r e a s  of Mare 

T r a n q u i l l i t a t i s ,  was 

smoother t han  t h e  

h ighland  a r e a s  of  t h e  

Montes Pyrenae i .  
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P l a t e  X X I X  

LUNAR ORBITER SITE 
11-P-6 and 

CRATER THEOPHILUS 

Longitude = 18O, 30' 

L a t i t u d e  = 46', 6' 

The Lunar O r b i t e r  

S i t e  11-P-6 i s  l o c a t e d  

a t  a l o n g i t u d e  o f  

23' 37' e a s t  and a 

l a t i t u d e  of 0' 45' 

n o r t h ;  t h e  l and ing  

s i t e  of t h e  Ranger 

V I 1 1  S p a c e c r a f t  i s  

a t  a l o n g i t u d e  o f  

24.61' e a s t  and a 

l a t i t u d e  of 2.72' 

n o r t h ;  and t h e  landing  

s i t e  of  t h e  Surveyor 

V S p a c e c r a f t  i s  a t  a 

l o n g i t u d e  of  23.29' 

e a s t  and a l a t i t u d e  

o f  1.49' n o r t h .  The 

very reugh area I n  

t h e  s o u t h  i s  t h e  rayed 

c r a t e r  Theophi lus .  
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LUNAR ORBITER SITE 11-P-6 

and CRATER THEOPHILUS 

( T h e r e  are no isometric plots for t h i s  map.) 
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P l a t e  XXX 

CRATER COPERNICUS 

Longitude = - 2 6 O ,  -14' 

L a t i t u d e  = 4O, 16' 

The ex t remely  

roi.i.gh area i n  t h e  

c e n t e r  of t h e  map 

i s  t h e  l a r g e  rayed 

c r a t e r  Copernicus.  

The Montes Carpa tus ,  

( n o r t h )  had s p e c u l a r  

h i g h l i g h t s .  

De po I a r i z e d '-1 

ZI 
i s  

@ 

b 
' P  

Polar ized  

R a t i o  



16" 

4 O  

Plate xxx. I s o m e t r i c  Plot of R a d a r  Map o f  P l a t e  XXX, 
C r a t e r  Copernicus.  



P l a t e  X X X I  

CRATER TYCHO 

4 = - . 020 ,  - .260 

rl = - .760,  -.600 

The extremely 

rough area i n  t h e  c e n t e r  

of t h e  map i s  t h e  rayed 

c r a t e r  Tycho. 
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Y 

-.760 

T 
- ,100 -. 2bo 

4-4 
1 

-.760 

T r )  

I 1 - .600 
- .200 -t -.IO0 

P l a t e  xxxi. I s o m e t r i c  P l o t  o f  R a d a r  Map of  P l a t e  X X X I ,  
Crater  Tycho. 
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INDEPENDENT MAPS OF L A C  25 C A S S I N I  

I rU l l~ , lbUUt :  = -14. J -Lu 
Observa t ions  ( a )  17 A p r i l  1967, ( b )  24 January  1967 

The i s o m e t r i c  p l o t s  of  t h e  depo la r i zed  maps a r e  shown 
i n  P l a t e  X X X i i .  The b r i g h t  and d a r k  squa res  i n  t h e  
wes te rn  p o r t i o n  of  ( b )  r e s u l t e d  from p a r i t y  e r r o r s  i n  t h e  
c omp u t  e r p roc  e s s i n g  . 

T -n,-.-< c.. 2 - -Ill0 7-0 & J i k u d e  = 32 o , 48" 
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-10" 0" IO" A- 

-I 0" 0" A- IO" 
P l a t e  x x x i i .  I somet r i c  Plots of Depolarized Echoes f r o m  Area 

of  Map LAC 25 C a s s i n i :  ( a )  17 A p r i l  1967; 
( b )  27 January 1967. 

-48" 

48" 

32" 
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Ratio 

LAC 56 HFJELITJS INDEPENDE'NT OBSERVATIONS OF 

L a t i t u d e  = Oo, 16' 0 Longitude = -70 , -50° 

Observa t ions  ( a )  18 Februa ry  1967, ( b )  3 J u l y  1967 
The i s o m e t r i c  p l o t s  of t h e  p o l a r i z e d  maps a r e  shown 

i n  P l a t e  x x x i i i .  
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-60" A- -50" -70" 

1 6 O  
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I I I 1 I I I I --roo d 

-7b" -6b0 -b 
A- 

P l a t e  x x x i i i .  I s o m e t r i c  Plots of' P o l a r i z e d  Echoes from Area 
o f  Map LAC 56 Hevel ius :  (a) 19 February 1967; 
( b )  3 Ju ly  1967. 
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P l a t e  XXXIV 

Polo r i zed 

Ratio 

INDEPENDENT OBSERVATIONS OF L A C  80 LANGRENUS I 

1LO c\ 

j-a.f$.f.icde = --Iu J Longitude = TU , (u 
Observa t ions  ( a )  18 Feb. 1967, ( b )  3 J u l y  1967 

i n  P l a t e  xxxiv .  The b l a c k  s t r i p s  i n  t h e  p o l a r i z e d  and r a t i o  
maps of ( b )  r e s u l t e d  from p a r i t y  e r r o r s  i n  t h e  computer 
p r o c e s s i n g .  

,nc 
I 

The i s o m e t r i c  p l o t s  o f  t h e  d e p o l a r i z e d  maps a r e  shown 
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P l a t e  xxxiv. Isometric Plots of Depolarized Echoes I'rom A r e a  

-0" 

- 16" 

of Map LAC 80 Langrenus: ( a )  18 February  1967; 
( b )  3 Ju ly  1967. 


